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In order  to explore  the  effect  of water  temperature  on  sex  ratio and  growth  rate, we reared  the  juveniles
of  Pelteobagrus  fulvidraco,  Pelteobagrus  vachelli  and  the  hybrids  from  P.  fulvidraco  (♀)  ×  P. vachelli  (♂)  at
6  different  water  temperature  conditions  (20, 23, 26,  29, 32  and  34 ◦C) in  this study.  The results  showed
the  population  of  male  and female  ﬁsh  at the ratio  of  1:1  when  the ﬁsh  from  three  groups  was  cultured
at  water  temperatures  of 26, 29, 32  and  34 ◦C for 45 days. The  analysis  for  the  ratio  between  male  and
female  reared  at various  temperatures  suggests  that the  sex differentiation  in  P.  fulvidraco,  P. vachelli  and
the hybrids  was  not  temperature-dependent  sex  determination  (TSD).  Based  on  the  mathematical  rela-
tionship  between  weight  gain  (WG)  and  water  temperature,  the  maximum  growth  rate  of  P. fulvidraco,
◦
ellow catﬁsh
ater temperature
ex ratio
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P.  vachelli  and  the  hybrids  was  achieved  at 27.53,  28.36  and  28.40 C,  respectively.  There  is only  very
negligible  difference  between  temperatures  for  the  highest  weight  gain  determined  through  mathemat-
ical  modeling.  However,  weight  gain  determination  shows  comparatively  higher  growth  rate  at  all  test
temperature.  We  initially  deduced  that  the  hybrids  from  P. fulvidraco  (♀) × P.  vachelli  (♂) have  heterosis.
Our  results  indicated  that  the  hybrids  were  very  suitable  for commercial  aquaculture.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Pelteobagrus fulvidraco and Pelteobagrus vachelli are commer-
ially important edible ﬁsh in China due to delicious taste, little
one in muscle, and high nutritional value. P. vachelli possesses
he largest body size in the Genus Pelteobagrus (more than 1800 g)
ecause of a relatively faster growth rate under culture condition
up to 125 g after 12-month growth) (Li, 2011). On the contrary, P.
ulvidraco attains a smaller body size (less than 300 g) and a slower
rowth rate (only 125 g after a 20-month growth period) when
ompared with P. vachelli. However, it has a remarkable capability
o adapt to the ecological environment, such as lower consumption
ate of oxygen and lower choke points (Li, 2010). The relatively high
conomic yield of P. fulvidraco,  coupled with suitable price for con-
umers, makes it a famous commercial species in China (Wang et al.,
006). P. fulvidraco and P. vachelli exhibit sexual dimorphism in
∗ Corresponding author at: College of Life Sciences, Nanjing Normal University, 1
enyuan Road, Nanjing 210023, China. Fax: +86 25 85891840.
E-mail addresses: yinshaowu@hotmail.com, yinshaowu@163.com (S. Yin).
ttp://dx.doi.org/10.1016/j.aqrep.2016.01.001
352-5134/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
growth. Usually males grow faster than females under culture con-
dition, basically due to the diversion of energy by females toward
sexual maturation and reproduction than somatic growth (Liu et al.,
2013; Park et al., 2004).
The control of gonadal maturation and primary gonadal differ-
entiation has important practical implications in aquaculture. One
strategy to control the sex of farmed ﬁsh is interspeciﬁc hybridiza-
tion, which can result in sterile animals that divert more ingested
nutrients for somatic growth and therefore show higher growth
rate (Inazawa et al., 2011). Moreover, in most cases, the hybrids
shows higher heterosis and tolerance to extreme environmental
conditions than parent population (Akhan et al., 2011), and there-
fore, may  be able to adapt to a broader range of environmental
conditions. The primary gonadal differentiation in aquatic organ-
isms is a complex and labile mechanism, which is modulated by
genetic, physiological or/and environmental factors (Devlin and
Nagahama, 2002). Aromatase activity plays a vital role in sex dif-
ferentiation, as in P. fulvidraco,  the inhibition of aromatase activity
by letrozole can result in sex inversion (Shen et al., 2013). A pre-
vious study has demonstrated that temperature has impact on
aromatase, serum E2 and testosterone (T) levels in P. fulvidraco (Liu
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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t al., 2011). It has reported that the sex-determining mechanism of
. fulvidraco is male heterogamety (XY), possibly with some autoso-
al  genes involved in sex determination and differentiation, while
he impact of environmental factors such as temperature on sex
etermination of P. fulvidraco still needs to be further explored (Liu
t al., 2013). Previous studies have reported that primordial gonads
f P. vachelli can differentiate into sexual organs (ovaries or testes)
n the 23rd day of development under different water tempera-
ures. The water temperature at 30 ◦C leads to the differentiation of
arval gonads into testis, while water temperature at 34 ◦C can lead
o the differentiate into ovary from gonads (Cheng et al., 2007; Lin
nd You, 2004).
As one of the most important abiotic factors, water temperature
ffects the survival, feeding and growth of all ﬁsh species (Jobling,
996) due to the direct impact on feed consumption, enzyme
ctivity and food passage time (Jobling, 1994; Kling et al., 2007).
herefore, accurate information concerning the optimal growth
emperature is crucial to feeding costs and economic beneﬁts.
Herein, we reared the juveniles of P. fulvidraco,  P. vachelli and the
ybrids from P. fulvidraco (♀) × P. vachelli (♂) at 6 water temperature
evels to explore the effect of water temperature on sex ratio and
rowth rate. These data were further used to determine sex ratio
nd the optimum rearing temperature for the maximum growth
ate in aquaculture.
. Materials and methods
.1. Animal source and rearing
Parental ﬁsh were obtained from Nanjing Fisheries Research
nstitute at Nanjing, Jiangsu Province, China. Then, the ﬁsh were
ransferred to aquaria with bio-ﬁltered water recirculation system
equipped with cooling and heating functions, 180 L of volume;
ow rate of 6 L/min; same settings for all aquaria) and fed with arti-
cial compound feed including more than 42.0% protein, 6.0% ﬁber,
4% ash, 0.5–3.5% calcium, 1.2% phosphorus and 0.3–2.5% sodium
hloride (Zhenjiang Jiaji Feed Co., Ltd., China). The stock density was
–8 individuals in each aquarium. The parent ﬁsh (four P. vachelli
♀); two P. vachelli (♂); eight P. fulvidraco (♀); two  P. fulvidraco
♂)) were injected with mixed spawning-stimulating hormones
female parent: 2500 IU/kg HCG, 25 g/kg LHRH-A2, 2 mg/kg DOM,
nd 1 mg/kg carp pituitary; male parent: half dosage). After the
9–22 h effector phase, the sperms were preserved in sperm dilu-
nt (7.8 g/L NaCl, 0.2 g/L KCl, 0.21 g/L CaCl2 and 0.021 g/L NaHCO3),
hich was derived from testicular homogenate extract of male
arent. Artiﬁcial insemination was conducted after the eggs were
rtiﬁcially extruded. The obtained fertilized eggs were incubated
t water temperature of 27 ◦C in ﬂow-through water until hatching
approximately 2 days post-fertilization). The larvae were fed with
ive Artemia nauplii 4 days post-hatching.
.2. Experimental design
The larvae of P. fulvidraco and P. vachelli usually swim slowly at
he bottom after hatching, and then they can normally ﬂat swim
efore ﬁrst feeding. For the experiment of P. fulvidraco,  a total of
160 larvae (pooled from different brood stocks) were randomly
elected and stocked in 18 aquariums before ﬁrst feeding, with each
quarium having 120 larvae. After stocking, the water temperature
n each aquarium was gradually increased or decreased by 1–4 ◦C
er day when the temperature reached to the 6 designed levels
20, 23, 26, 29, 32 and 34 ◦C; each temperature level included three
quaria). The treatment procedure for P. vachelli and the hybrids
rom P. fulvidraco (♀) × P. vachelli (♂) were also followed as the
escription of P. fulvidraco.ports 3 (2016) 115–119
All experiments were carried out from 6 designed levels of tem-
perature requirement for 45 days. During the entire experimental
duration, all tanks were supplied with well oxygenated tap water
and the photoperiod was maintained for 11-h light/13-h darkness.
The water temperature was  monitored daily at morning (8:00 am);
and other water quality characteristics were monitored weekly.
Water quality variables of all aquaria were as follows: total ammo-
nia (NH4+ + NH3) of 0.2–1.2 mg/L; nitrite of 0.1–0.5 mg/L; pH of
6.6–7.4; and dissolved oxygen of more than 4.0 mg/L.
Faeces were siphoned from each aquarium before feeding. The
larvae were fed with live A. nauplii and powdered foods (ground
artiﬁcial compound feed by pulverizer) thrice daily at 7:00, 14:00
and 21:00 for 10-11th day until the mouth gape sizes matched
the size of the artiﬁcial compound feed. The feed was slightly
over-supplied based on the previous consumption. At 1 h after the
feeding, any leftover foods were collected.
2.3. Sampling and measurement
After the sampling, the juveniles were sacriﬁced in ice water. The
body weights of juveniles from each aquarium were monitored on
the 45th day, respectively.
In all cases, the gender of all juveniles was identiﬁed by the
squash technique from the gonad on the side of the juvenile. We
injected 5% acetic acid into the abdominal cavity from anus. After a
minute, the gonad was taken out by tweezer and stained by crystal
violet dye solution and magenta dye solution, and then examined
under an optical microscope. The shape of gonads, cell arrangement
and cell size were used for the identiﬁcation of gender (Liu et al.,
2007; Liu et al., 2013). Meanwhile, we randomly selected 30 juve-
niles at different temperatures to conduct the histological analysis
from three groups, and then the gonad on the other side of the
juvenile was ﬁxed in Bouin’s solution and processed according to
standard protocols for the preparation of haematoxylin-eosin (HE)
staining, respectively. Histological sections were examined under
an optical microscope (Liu et al., 2013).
The following formula were used to calculate the relevant
parameters:
Weightgain(WG,g) = Wt − W0
Survivalrate(SR, %) = 100 × nt/n
Mid-parentheterosis(MPH,  %) = 100 × (F1 − Pn)/Pn
where Wt and W0 are the average weights per aquarium at the ﬁnal
and initial stages. The initial stages of three groups were the same
size because the initial feeding stages were no signiﬁcant differ-
ence. Where nt is the number of survived ﬁsh at Day t; n is the
initial ﬁsh number of each aquarium. Where F1 is the mean per-
formance of the hybrids and Pn is mean value of both parents. We
put the data of WG of juveniles at different water temperatures (T)
ﬁtting parabolic mathematical model.
2.4. Statistical analysis
WG was  analyzed by one-way analysis of variance test, followed
by the signiﬁcantly different tests (Turkey’s test). All results were
expressed as mean ± standard error. All statistical analyses were
carried out using SPSS statistical software v11.0. A P value of less
than 0.05 was  considered as statistically signiﬁcant difference.
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Fig. 1. Histological images of testis (a and c) and ovary (b and d).
Table 1
Survival rate (SR,%) of P. fulvidraco, P. vachelli and the hybrids from of P. fulvidraco
(♀) × P. vachelli (♂) after 45 days cultivation at water temperatures of 20, 23, 26, 29,
32  and 34 ◦C.
Survival rate (SR,%)
Water temperature (◦C) The hybrids P. vachelli P. fulvidraco
20 55.2 ± 19.1 42.5 ± 17.2 75.1 ± 15.2
23  62.1 ± 18.2 58.2 ± 18.1 91.2 ± 7.2
26  88.7 ± 8.6 85.9 ± 8.6 95.6 ± 4.1
29  95.7 ± 3.2 92.4 ± 5.1 94.7 ± 3.6
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Table 2
Proportion of male and female from identiﬁed gender by the gonad anatomy of P.
fulvidraco,  P. vachelli and the hybrids from of P. fulvidraco (♀) × P. vachelli (♂) after
45 days cultivation at water temperatures of 26, 29, 32 and 34 ◦C.
Proportion of male and female
Water temperature (◦C) The hybrids P. vachelli P. fulvidraco
26 1:1.08 1:0.96 1:0.87
29 1:0.94 1:1.13 1:1.07
32  1:1.13 1:1.04 1:1.05
34  1:1.15 1:0.98 1:0.98
Total 1:1.09 1:1.03 1:0.98
Table 3
Comparison of optimal culturing temperature (◦C) and peak WG (g) from regression
analysis for P. fulvidraco, P. vachelli and the hybrids from of P. fulvidraco (♀) × P.
vachelli (♂) at different water temperatures.
Groups Optimal culturingtemperature (◦C) Peak WG (g) MPH  (%)
P. vachelli 28.36 3.02
4232  91.2 ± 6.3 91.7 ± 7.6 92.5 ± 5.2
34  90.1 ± 8.1 94.1 ± 5.5 86.7 ± 10.2
. Results
.1. Histological analysis
Fig. 1 shows histological images of testis (a and c) and ovary (b
nd d), as well as the characteristics of gonads from squash tech-
ique of P. fulvidraco,  P. vachelli and the hybrids of P. fulvidraco
♀) × P. vachelli (♂). The shape of spermary (Fig. 1a) showed comb
hape or dentate, and the cells exhibited tight cell arrangement and
ame size. The shape of ovary (Fig. 1b) showed spindle shape, and
he cells revealed loose cell arrangement and different sizes. The
haracteristics of gonads from histological section were achieved.
he cells of spermary (Fig. 1c) showed tight cell arrangement and
ame size; the cells of ovary (Fig. 1d) showed loose cell arrange-
ent and different sizes. Bars indicate 100 m (a) and 50 m (b, c
nd d).
.2. Sex ratioSurvival rates for P. fulvidraco,  P. vachelli and the hybrids were
elatively higher (85%) at water temperatures of 26, 29, 32 and
4 ◦C after cultivation for 45 days (Table 1). However, survival rates
or hybrids were comparatively higher than the parents at other 2The hybrids 28.40 3.43 22.
P.  fulvidraco 27.53 2.59
temperatures (20 and 23 ◦C). We  have determined sex ratios from
temperature treatments with high survival rate (<85%) in all three
strains (P. fulvidraco,  P. vachelli and the hybrids) (Table 2).
3.3. Growth rate
The results showed that WG in three groups were increased
gradually when the water temperature ranged from 20 to 29 ◦C;
while the WG in three groups revealed a gradual decrease at the
water temperature of over 29 ◦C (Fig. 2). From the mathematical
model between WG and water temperature, the maximum WG of
P. fulvidraco,  P. vachelli and the hybrids from P. fulvidraco (♀) × P.
vachelli (♂) was achieved at 27.53, 28.36 and 28.40 ◦C, respectively
(Fig. 3). The mid-parent heterosis for breeding juveniles for 45 days
cultivation was 22.42% (Table 3).
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iig. 3. Weight gain (W) of P. fulvidraco,  P. vachelli and the hybrids from of P. fulvidr
ybrids: W = −0.0427T2 + 2.4256T −31.015; R2 = 0.8582. P. vachelli: W = −0.0386T2 +
. Discussion
As survival rates (SR%) of P. fulvidraco,  P. vachelli and the hybrids
rom of P. fulvidraco (♀) × P. vachelli (♂) at water temperatures of
6, 29, 32 and 34 ◦C were more than 85% after 45 days cultiva-
ion, respectively, and the population of male and female ﬁsh was
etermined. Gender identiﬁcation through observation of gonadal
natomy can be applied to juveniles of 30 days old in P. fulvidraco,
s they complete the sexual differentiation before this age (Liu
t al., 2013). As P. vachelli and the hybrids have revealed faster
rowth than P. fulvidraco in our study, it is reasonable to assume
hat sex differentiation mechanism for both strains may  be com-
leted before 30 days, although further veriﬁcation is needed. In
ddition, the correspondence of squash technique and histological
ection was conﬁrmed. Therefore, we believe that it is persuasive to
dentify gender by squash technique for all juveniles after 45 day.) × P. vachelli (♂) after 45 days cultivation at different water temperatures (T). The
7T −28.033; R2 = 0.8541. P. fulvidraco:  W = −0.0386T2 + 2.1257T −26.68; R2 = 0.9243.
Our results revealed that the population of male and female ﬁsh
was at the ratio of 1:1 when more than 4000 juveniles from three
groups were cultured at water temperatures of 26, 29, 32 and 34 ◦C
for 45 days. So we  deduced that the sex differentiation of P. ful-
vidraco, P. vachelli and the hybrids from P. fulvidraco (♀) × P. vachelli
(♂) is not the temperature-dependent sex determination (TSD). We
have found that P. fulvidraco,  P. vachelli and the hybrids have the
same gonad structure and features by histological analysis for 30
juveniles. In addition, the gonad development of the hybrids was
faster than that of parent ﬁsh. We  infer that the hybrids may be not
sterile on account of their degrees of gonad development.
A previous study has reported that the sex differentiation of P.
vachelli belongs to TSD. The percentage of male offspring was 83%
and 78% in the group cultivated at 30 ◦C and 32 ◦C. The percentage
of male offspring was  26% in the group cultivated at 34 ◦C (Cheng
et al., 2007; Lin and You, 2004), which may  be due to the small
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ample size in the previous experiments, and that they recognized
ender by genitalia after four months. Previous results were not
onsistent with our current results due to human errors.
The growth rate is associated with the water temperature under
he condition of unrestricted food availability (Jobling, 1994; Xie
nd Sun, 1992), and reveals an obvious reduction when water tem-
erature is higher or lower than a speciﬁc temperature due to
ts impact on feed consumption, food passage time and enzyme
ctivity (Brown, 1957; Michalsen et al., 1998; Neverman and
urtsbaugh, 1994; Wildhaber and Crowder, 1990). In addition, the
G is dependent on the balance of energy intake and expendi-
ure, and both factors are affected by temperature (Diana, 1995).
hese ﬁndings may  explain that the WG is positively correlated
ith water temperature ranging of 20–29 ◦C, but negatively corre-
ated with water temperature at 29 ◦C in three groups, respectively.
n the present study, water temperature at 29 ◦C may  be much
loser to the optimum growth temperature for three species than
ther temperature conditions. Fig. 2 shows the correlation between
ctual WG achieved in this study and water temperature. There-
ore, the relationship between WG and water temperature is the
est according to a parabolic trend line. Based on the mathematical
elationship between weight gain (WG) and water temperature,
he maximum growth rates of P. fulvidraco,  P. vachelli and the
ybrids were achieved at 27.53, 28.36 and 28.40 ◦C, respectively
Fig. 3). There is only very negligible difference between tempera-
ures for the highest weight gain determined through mathematical
odeling. However, weight gain determination (Fig. 2) shows com-
aratively higher growth rate for all test temperature.
Results show that heterosis can vary within hybrids and among
ifferent cultivation temperatures. In order to eliminate the error,
e analyzed mid-parent heterosis by the maximum WG during
xperimental period for 45 days. The mid-parent heterosis for
reeding juveniles for 45 days cultivation is 22.42% so that we ini-
ially deduce the hybrids from P. fulvidraco (♀) × P. vachelli (♂) to
ave heterosis (Akhan et al., 2011). In addition, the desirable traits
f P. fulvidraco (appearance) and P. vachelli (growth performance)
re combined (Wang, 2013). Recently, farming scale of the hybrids
as been gradually increased in China, suggesting a promise of a
ew variety for yellow catﬁsh. Further studies should be conducted
n developmental and physiological traits of hybrids at the later life
tage.
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